EXAFS measurements f o r e l u c i d a t i n g the corrosion p r o p e r t i e s of g l a s s , taking s t u d i e s of phosphate and b o r o s i l i c a t e g l a s s e s a s examples. I n t r o d u c t i o n
The corrosion p r o p e r t i e s of g l a s s a r e c h i e f l y a f u n c t i o n of t h e t r a n s p o r t of c a t i o n s i n t h e bulk and a t t h e i n t e r f a c e with t h e corroding medium. Many oxide g l a s s e s a r e s u s c e p t i b l e t o aqueous a t t a c k , r e l e a s i n g modifying c a t i o n s a t t h e s u r f a c e i n exchange f o r water r a d i c a l s . This may r e s u l t i n chemical change a t t h e g l a s s s u r f a c e , f o r example t h e c r e a t i o n of a g e l l a y e r , which might impede f u r t h e r corrosion. The l o c a l environments of metal atoms -i n p a r t i c u l a r t h e metal-oxygen p a i r d i s t r i b u t i o n f u n c t i o n s -give c l u e s a s t o t h e l i k e l y p e r c o l a t i n g s p e c i e s and can be measured using conventional EXAFS techniques. I t i s c l e a r l y a l s o important t o examine modifier environments i n t h e v i c i n i t y of t h e s u r f a c e i t s e l f t o s e e i f and how t h e s e a l t e r a s corrosion advances. Surface s e n s i t i v i t y can be achieved using glancing angle geometry t o measure EXAFS (1). I n t h i s paper we w i l l d e s c r i b e both approaches, t a k i n g examples from l e a d phosphate and b o r o s i l i c a t e glasses. Both a r e candidates f o r nuclear waste d i s p o s a l g l a s s f o r which corrosion r e s i s t a n c e i s obviously a prime requirement. However, a s t h e modifiers a r e heavy atoms, t h e s e g l a s s e s a r e a l s o p a r t i c u l a r l y a t t r a c t i v e f o r fundamental EXAFS s t u d i e s .
E f f e c t of I r o n on t h e Corrosion of Lead Phosphate Glass
The i n t r o d u c t i o n of i r o n t o lead phosphate g l a s s dramatically improves i t s r e s i s t a n c e t o aqueous a t t a c k ( ( 5 ) t h e bond l e n g t h s i n t h e p r e s e n t g l a s s e s a r e up t o 0.09 A longer. ~l t h o u g h t h e Fe
K-edge t h r e s h o l d s i n d i c a t e t h e oxidation s t a t e i s ~e~+ , t h e coordination number
(between 6 and 7) and t h e bond l e n g t h of 1.95 a a r e c o n s i s t e n t with well-defined o c t a h e d r a l s i t e s ( 4 ) . Hence, i n t h e s e phosphate g l a s s e s i r o n occupies network modifying p o s i t i o n s r a t h e r than network forming p o s i t i o n s a s it does i n t h e s~l i c d c r g l a s s e s r e f e r r e d to.
The changes i n shape of t h e . i r o n and l e a d p a i r d i s t r i b u t i o n f u n c t i o n s i n phosphate g l a s s e s a s t h e modifier balance i s changed a r e f a i r l y small ( f i g . 1 ) . The major conclusion from t h i s EXAFS study has been t h e comparative compositional i n v a r i a n c e of i r o n and lead s i t e s . Indeed, i f t h e two m o d i f i e r s a r e t o a f i r s t EXAFS measured a t ec/2 I11 approximation s t r u c t u r a l l y decoupled, then t h e corrosion r e s i s t a n c e of iron-leadphosphate g l a s s e s must involve one Cation e f f e c t i v e l y blocking t h e d i f f u s i o n pathways of t h e o t h e r . This i s most e a s i l y v i s u a l i s e d i n terms of a modified random network. O r i g i n a l l y devised t o model t h e EXAFS and d i f f u s i o n p r o p e r t i e s of s i l i c a t e g l a s s e s (6), f o r phosphate g l a s s e s t h e network component should be replaced by randomly convoluted polyphosphate chains, cross-linked by modifying c a t i o n s . In t h e context of iron-lead-phosphate g l a s s e s t h e t i g h t e r environment of i r o n i o n s cause t h e p e r c o l a t i o n pathways t o "neck" thereby impeding t h e d i f f u s i o n of t h e l a r g e r lead
ions.
Aqueous Corrosion a s a Function of pH
The r e s i s t a n c e of i r o n l e a d phosphate g l a s s e s t o aqueous a t t a c k v a r i e s considerably with pH ( 7 ) . It i s evident from f i g . 2 t h e b e s t chemical r e s i s t a n c e i s e x h i b i t e d f o r a n e u t r a l pH of around 7. However, t h e leaching of anions and c a t i o n s i s n o t always congruent. The anomalous behaviour e v i d e n t i n fig.2 can be understood by considering t h e s i z e of t h e migrating s p e c i e s a t t h e water/glass i n t e r f a c e .
I n t h e s i m p l e s t model t h e modifying c a t i o n s w i l l exchange with H~O + and t h e phosphate groups with OH' .
A s l e a d and hydronium a r e of s i m i l a r s i z e with r a d i i of around 1 A t h e y should exchange r e a d i l y .
F e r r i c i o n s on t h e o t h e r hand with a r a d i u s of 0.7 A a r e l e s s well-matched and from fig.;! c l e a r l y d i s s o l v e l e s s r e a d i l y . I n t h e most a c i d i c s o l u t i o n s where both modifying c a t i o n s a r e drawn i n t o s o l u t i o n , c r o s s l i n k s i n t h e (PO,,) chains w i l l be broken which w i l l i n e v i t a b l y l e a d t o a l o s s of n

C8-822
JOURNAL DE PHYSIQUE phosphorus and t h e congruent l e a c h i n g of c a t i o n s and anions a s observed ( f i g . 2 ) .
A t high pH, however, t h e s c a r c i t y of H~O + w i l l diminish c a t i o n exchange l e a v i n g anion exchange comparatively enhanced. I f phosphorus is l o s t from chain ends, a s i s l i k e l y , modifying metals w i l l not be c a s u a l t i e s and t h e incongruent leaching behaviour seen i n f i g . 2 w i l l occur.
U Environments a t t h e Surface of B o r o s i l i c a t e Glasses
The c o r r o s i o n r e s i s t a n c e of a b o r o s i l i c a t e g l a s s i s a l s o included in fig.2 .
The response t o pH i s obviously d i f f e r e n t and it i s not expected t h e corrosion
behaviour w i l l be t h e same a s what we have proposed f o r iron-lead-phosphate g l a s s .
In any event, d i r e c t measurement of metal environments a t t h e g l a s s s u r f a c e a s a f u n c t i o n of leaching i s c l e a r l y d e s i r a b l e . In t h i s r e s p e c t FLEXAFS i n glancing
angle geometry has proved p a r t i c u l a r l y useful.
This technique was f i r s t demons t r a t e d by Heald and coworkers ( 8 ) f o r t h i n Au d e p o s i t s on g l a s s and has been adapted r e c e n t l y t o examine changes i n t h e l o c a l s t r u c t u r e of U a t t h e s u r f a c e of a b o r o s i l i c a t e g l a s s with p r o g r e s s i v e l e a d i n g (I). By varying t h e angle of t h e incoming x-rays t o t h e specimen s u r f a c e c l o s e t o t h e c r i t i c a l angle f o r t o t a l
e x t e r n a l r e f l e c t i o n , t h e depth of p e n e t r a t i o n of x-rays, z, can be changed from t e n s t o thousands of angstrtlms. around 2.3 A i s due to U-0 c o r r e l a t i o n s , t h e second (B) around 3.4 A and t h e t h i r d (C) around 4.8 A being a t t r i b u t e d t o U-U c o r r e l a t i o n s . Various d e t a i l s i n t h e s t r u c t u r e of t h e s e peaks and i n t h e i r weights r e l a t i v e t o one another a r e observed t o change with advancing corrosion.
A t an angle of incidence of 20c, t h e depth of p e n e t r a t i o n i s i n excess of 1000 A and a s changes i n t h e U L EXAFS a r e s t i l l observed it i s c l e a r t h e I11 process p e n e t r a t e s t h i s f a r .
W e can see t h i s i n f i g . 4 where t h e U-0 p a i r d i s t r i b ut i o n f u n c t i o n obtained from f i t t i n g t h e k3-weighted spectrum i s compared f o r d i f f e re n t amounts of leaching a t 100°C i n water. Note how t h e double peak breaks up a s t h e g l a s s corrodes.
The doublet i n t h e v i r g i n g l a s s with peaks a t 1.8 A and 2.2 i s reminiscent of an i s o l a t e d uranyl r a d i c a l . This comprises a d i s t o r t e d octahedron with four p l a n a r oxygens and two s h o r t e r orthogonal oxygen bonds. Hydration i s expected t o r e s u l t i n an i n c r e a s e i n t h e U-0 bond length of about 0.2 A.
In e a r l i e r conventional U LIII EXAFS s t u d i e s by Knapp and co-workers it was demonstrated t h a t i f t h e U c o n c e n t r a t i o n was i n c r e a s e d i n a b o r o s i l i c a t e g l a s s t h i s
r e s u l t e d i n t h e c l u s t e r i n g of uranyl r a d i c a l s i n t o i s l a n d s a s expected i n a modified random network ( 6 ) . It i s noteworthy t h a t a t t h e s u r f a c e peaks B and C of t h e U s t r u c t u r e ( f i g . 3 ) a r e l o c a t e d i n t h e Fourier transform a t roughly J2 and 2 times t h e U-0 d i s t a n c e r e s p e c t i v e l y -suggesting a square planar arrangement. Moreover we f i n d t h e s e two peaks ( n o t a b l y B) i n c r e a s e with l e a c h i n g i n d i c a t i n g progressive c l u s t e r i n g of uranyl r a d i c a l s near t h e s u r f a c e (1). It i s a l s o worth mentioning t h a t t h e c o n c e n t r a t i o n of U i n t h e bulk g l a s s was 3 wt.% -which i s considerably more d i l u t e than t h e g l a s s e s examined by Knapp e t a 1 ( 9 ) . This i s done i n f i g . 5 f o r t h e s t r u c t u r e of t h e v i r g i n g l a s s measured a t 8 /2.
The agreement i s convincing and t o g e t h e r with t h e r e s u l t s presented i n f i g . 4 t h i s work demonstrates t h e e f f i c a c y of glancing angle geometry f o r r e g i s t e r i n g t h e s u r f a c e s t r u c t u r e of g l a s s under corrosion c o n d i t i o n s .
